The use of polyisobutylene and poly(4-dodecylstyrene) bound catalysts that contain transition metal or organocatalysts for cyclopropanation, ring-closing metathesis, and nucleophilic catalysis in flow chemistry schemes is described and compared with similar catalysts used in batch reactions. These Rh(II) carboxylate catalysts, N-heterocyclic carbene-ligated Ru(II) benzylidene catalysts, and analogs of 4-dimethylaminopyridine catalysts were used in reactions in heptane in flow and then separated in a gravity based liquid/liquid separation using a biphasic heptane/acetonitrile mixture. The less dense catalyst-containing phase in that separation was continuously used in flow with fresh substrate solution. Leaching of catalysts, yields, and turnover frequencies in these flow reactions were comparable with prior results obtained with the same phase isolable catalysts in batch reactions.
Introduction
The development of continuous-flow techniques for syntheses that are both environmentally benign and more efficient is receiving heightened attention by synthetic chemists [1] [2] [3] [4] [5] [6] . The applications of flow chemistry have been widely applied in the preparation of many different classes of compounds including fine chemicals, pharmaceutical ingredients, and electronic materials [7] [8] [9] . These synthetic sequences that employ flow reactions, like their batch-type analogs, often use homogeneous catalysts to facilitate individual steps in a reaction sequence. In such cases, separation of such a homogeneous catalyst from a product is required. This separation most often involves replacing a homogeneous catalyst with a homogeneous catalyst that is immobilized on a solid support. This allows a solution of substrate to form a solution of product. If the so-called insoluble or heterogenized versions of a homogeneous catalyst remains insoluble during this process, this effects a solid/liquid separation of these from the flowing reaction solution. It is also possible in some cases it is also possible to use a solution of a homogeneous catalyst and to then separate a product from the soluble catalyst by selectively sequestering the product onto a solid support [10] [11] [12] .
An alternative approach to such separations is to use a gravity-based liquid/liquid separation where a soluble catalyst phase separates from a product phase in a biphasic mixture where a phase selectively soluble polymer phase anchor allows a catalyst to be separated in one solvent with products remaining in the other solvent [13] . This alternative approach was elegantly applied to flow chemistry in a recent paper by Reiser and coworkers who reported of using a soluble polymer-supported Ir(III) photoredox catalyst in a flow system (Fig. 1) [14] . This first example of using soluble and separable polymer supported catalysts in flow chemistry by the Reiser group used the heptane phase selectively soluble polyisobutylene (PIB)-bound iridium complex Ir(ppy) 2 (PIB-ppy) 1 to effect photocatalyzed E/Z isomerization of an alkene in a continuousflow system (Scheme 1).
The necessary heptane soluble PIB-bound ligand used by the Reiser group was prepared by alkylation of an iodo-terminated PIB oligomer. In their application of this catalyst, the Reiser group combined a heptanesaturated acetonitrile solution of the substrate and a heptane solution of the catalyst 1, pumping them into a transparent heated reactor. After the reaction was completed, the reaction mixture flowed into a phase separation unit where the immiscible heptane and acetonitrile phases separated due to their different densities. The less dense catalyst-containing heptane phase was then recycled in the flow reactor while the more dense product-containing acetonitrile phase was retained. The results showed high conversion of the E-alkene to the Z-alkene. Iridium leaching was shown to be 2.6 % of the charged catalyst at the beginning of the reaction and decreased to below 0.1 % during reaction based on ICP-OES analysis. The reaction was also successfully carried out at ambient temperature at a slower flow rate with comparable E to Z conversions.
Our group and others have previously used phase selectively soluble catalysts that are phase selectively soluble in one of two liquid phases due to the difference in solubility of a catalyst and product [15] . In most cases, this solubility difference was achieved by attachment of a catalyst to a phase selectively soluble polymer phase anchor. These studies have included both PIB-bound catalysts similar to the one used by the Reiser group as well as transition metal or organocatalysts bound to other alkane-soluble polymers [15] [16] [17] [18] [19] . Separations of catalysts and products in our work most often involved monophasic reactions in thermomorphic or latent-biphasic solvent mixtures with a post reaction perturbation that led to a liquid/liquid biphasic mixture of the recyclable catalyst and product phase after the reaction was complete [13, 20, 21] . In most cases this involved using an alkane solvent and an alkane soluble polymer as a phase anchor to recover the catalyst. Here we compare three of those batch style reactions with flow catalysis using the approach used by the Reiser group. We show that a continuous-flow process that enables catalyst recycling without manual separation works for a PIB-supported Rh(II) catalyst used in alkene cylopropanation [22] , a PIB-NHC ligated Ru(II)-catalyst in a ring-closing metathesis reaction [23] , and with a heptane-soluble poly(4-dodecylstyrene)-bound 4-dimethylamino-pyridine nucleophilic organocatalyst [19] . Our results show that the batch and flow strategies afford comparable results for these three reactions.
Results and discussion
The continuous-flow reaction system we used is diagramed in Fig. 2 . In this relatively simple system, the substrates and the PIB-supported catalyst were pumped into Teflon tubes and combined together with a T-shape connector where the reaction started.
The reactions were carried out in a heptane phase that was saturated with acetonitrile. After the reaction, the heptane solution was pumped into a separatory funnel where a separation was effected using an acetonitrile phase as a heptane-immiscible polar solvent. In the funnel, the product selectively partitions into the bottom polar acetonitrile phase. The heptane solution of the soluble catalyst percolates to the top since heptane and acetonitrile are immiscible and heptane is less dense. This top catalyst-containing heptane phase was then pumped back into the system. At the end of 1-2 days, the continuous reaction was terminated and the product-containing acetonitrile phase was concentrated under reduced pressure to afford the product.
In carrying out our studies of how soluble polymer supports might be used to separate catalysts in flow chemistry, our main goal was to demonstrate whether soluble catalysts in flow reactions produced results similar to what have been seen in batch reaction analogs. To make this comparison, we used conditions that resembled as much as possible the conditions used in prior experiments with soluble polymer bound transition metal and organocatalysts. The main difference in these experiments was that in the experiments here we simply recycled the catalysts in flow after a product extraction. In our prior work, catalysts were separated, in some cases isolated, and then recycled.
We first compared the utility of heptane soluble polymer supported catalysts in flow chemistry to chemistry we had used in batch reactions using as an example Rh-catalyzed cyclopropanation chemistry [22] . This chemistry used the heptane-soluble PIB-bound Rh(II) carboxylate complex 7 that was prepared as shown in Scheme 2. In this work we modified the synthetic pathway for the preparation of PIB-bound carboxylic acid 6 [22] . The modification of our original synthesis used ester enolate chemistry shown in Scheme 2 to more directly prepare a carboxylic acid terminated PIB ligand. The synthesis started with a commercially available vinyl-terminated PIB (M n = 2300 Da), forming the PIB-bound iodide 4. Then the lithium enolate of tert-butyl isobutyrate was allowed to react with a THF solution of this iodide at - 78 °C. This afforded the PIB-bound tert-butyl ester 5 that readily undergoes acidolysis using catalytic H 2 SO 4 in dichloromethane at room temperature to produce the PIB-bound carboxylic acid ligand 6. The desired PIB-bound Rh(II) carboxylate catalyst 7 was then prepared by a ligand exchange reaction of this PIB-bound carboxylic acid ligand with Rh 2 (OAc) 4 in toluene at 80 °C. The Rh catalyst 7 so formed was obtained as a dark green viscous heptane soluble oil with a Rh loading of 0.098 mmol/g based on ICP-MS analysis.
Having the PIB-bound Rh(II) complex in hand, we used it as a recyclable catalyst for cyclopropanation of styrene under continuous-flow conditions (Scheme 3). Using the apparatus shown in Fig. 2 , the flow reaction was carried out with a heptane solution of catalyst 7 that was pumped into the system using an HPLC pump at a flow rate of 0.05 mL/min, while the heptane solution of ethyl diazoacetate and styrene was introduced into the system using a syringe pump at a flow rate of 0.4 mL/h. During the reaction, an efficient separation of the catalyst-containing heptane phase from the product-containing acetonitrile phase was observed. The catalyst-containing heptane phase was pumped back to the system and kept catalyzing the reaction. The continuous reaction was run at ambient temperature for 31 h. The results showed that the reaction was successfully carried out under these conditions. After the continuous flow process was stopped, the crude product was purified by column chromatography to afford the cyclopropanation product in 68 % isolated yield. The formation of the dimeric by-products occurred to the extent of 9 % based on 1 H NMR spectroscopic Scheme 3: PIB-bound Rh(II) complex catalyzed cyclopropanation of styrene in flow. The reactions were carried out using 2 mmol EDA with 0.5 mol% of 7 and 10 equiv of styrene using a 5 mL/15 mL mixture of heptane/CH 3 CN at RT for 20 h. analysis. As shown in Table 1 , these results are comparable to the results seen in our prior work where this same chemistry was effected on a smaller scale in a batch reaction using this same PIB-bound Rh(II) catalyst in a heptane/acetonitrile biphasic solvent mixture [22] . The rhodium leaching level in the continuous flow process was determined by ICP-MS analysis of the crude product to be 1.8 % of the charged catalyst. This is somewhat lower than the ca. 2 % Rh leaching seen in prior work that used a PIB-bound Rh(II) carboxylate catalyst in a smaller scale batch reaction [24] . This experiment indicated that the phase-selectively soluble PIB-bound Rh(II) complex could catalyze the cyclopropanation reaction in a continuous-flow system with increased reaction scale to afford the product in satisfactory yield with modest dimer by-product formation.
Given the comparability of the styrene cyclopropanation reaction under flow conditions with a PIB-bound catalyst to chemistry with the same catalyst in a batch process, we next examined using this continuous-flow system in another PIB-supported transition metal catalyst mediated reaction to explore the generality of this strategy. To do this, we used a PIB-bound Hoveyda-Grubbs catalyst that we had successfully demonstrated to be a recyclable catalyst in batch reactions that effected ring-closing metathesis (RCM) of diene substrates, examining the use of catalyst 8 under flow conditions. The necessary PIB-bound Hoveyda-Grubbs second generation catalyst 8 was prepared following a literature procedure [22] . An ICP-MS analysis showed a Ru loading of 0.19 mmol/g for catalyst 8. With the catalyst in hand, we then used 8 to carry out RCM using the apparatus shown in Fig. 2 . This reaction (Scheme 4) was performed similarly as the previously described cyclopropanation chemistry. The heptane solution of catalyst 8 was pumped into the system using an HPLC pump at a flow rate of 0.05 mL/min, and the heptane solution of diethyl diallylmalonate was introduced into the system using a syringe pump at a flow rate of 0.3 mL/h. This reaction was run at ambient temperature for 18.3 h. These conditions led to a 77 % conversion of the starting diene substrate into the expected product, diethyl 3-cyclopentene-1,1-dicarboxylate. As can be seen in Table 2 , these results are also comparable to our previously reported results using catalyst 8 in heptane under batch conditions [22] . The only difference in the continuous flow process was a lower conversion of substrate into product. We speculate that the reason for this lower conversion could be inefficient removal of the in situ generated ethylene during the reaction. Since metathesis is an equilibrium process, ethylene removal is necessary to obtain complete conversion to products in many ring-closing or cross-metathesis reactions [25, 26] . We also analyzed the Ru leaching by ICP-MS analysis of the crude product and showed that 6.1 % of the charged catalyst leached into the product phase in the continuous-flow process. This leaching level was equivalent to that seen previously based on the amount The reaction was carried out using a 4 mL heptane solution containing 5 mmol of diethyl diallylmalonate with a 15 mL solution containing 1.2 mol% of 8 at RT in the flow system. The reactions were carried out using 0.5 mmol of diethyl diallylmalonate with 5 mol% of 8 in 5 mL of heptane at RT for 1 h. of product produced. This experiment, like the Rh(II) chemistry above, showed that the phase-selectively soluble PIB-bound Hoveyda-Grubbs catalyst can effect RCM reactions in a continuous-flow system. Finally, we studied a different nonpolar phase-selectively soluble polymer-bound organocatalyst in this continuous-flow apparatus. In this case we chose to compare flow conditions with a batch reactor using a different phase selectively soluble polymer, poly(4-dodecylstyrene), as a support. This support has been used by us to support both transition metal and organocatalysts [18, 19] . In this instance, we chose compare a poly(4-dodecylstyrene)-bound dimethylaminopyridine (DMAP) analog as a nucleophilic organocatalyst in an acylation reaction. We had previously used this catalyst 9 in batch chemistry, separating the product and catalyst using aqueous ethanol as the continuous phase in a batch process [18] . Since an ethanol contaminant in the catalyst phase in a continuous-flow process would be a competitive substrate in acylation of 2,6-dimethylphenol, we used acetonitrile in this reaction as the polar solvent for separations just as in the two reactions described above. To follow catalyst leaching, we used the terpolymer 9 which we used previously that contained a dansyl fluorescent label to detect leaching of 9. The heptane soluble polymer bound catalyst 9 was prepared from the appropriate substituted styrene monomers following our reported procedure [19] . The polymeric catalyst so formed was characterized by 1 H NMR spectroscopy and the ratio of the 4-dodecyl, dansyl, and organocatalyst substitutents on the styrene repeat units in 9 was 85 : 5: 3. To make a meaningful comparison of batch and flow chemistry, we used the same reaction -acylation of 2,6-dimethylphenol by tert-butoxycarbonyl anhydride ((Boc) 2 O) (Scheme 5) that we had previously studied. In this case, the heptane solution of the catalyst was pumped into the system using the HPLC pump at a flow rate of 0.05 mL/min, and the heptane solution of the substrates was introduced into the system using the syringe pump at a flow rate of 0.5 mL/h. This reaction was conducted at room temperature for 21 h. The results showed that 89 % of the starting material was converted to the desired product under these conditions. After the reaction, the product-containing acetonitrile phase was isolated and concentrated under reduced pressure to afford the crude product. The catalyst leaching was determined by fluorescence spectroscopic analysis of the crude product and showed that 3.7 % of the charged catalyst leached into the acetonitrile phase. This leaching was higher than in our earlier study and may reflect the different polar solvent used in the separation step. Alternatively, this could be an overestimate since we estimated the dansyl contamination in the acetonitrile phase using a standard curve obtained from heptane solutions of 9 and fluorescence intensity may be higher in acetonitrile than in heptane. The crude product was purified by column chromatography to produce the 1-tert-butoxycarbonyloxy-2,6-dimethylbenzene in 83 % isolated yield (Table 3) .
A typical procedure for these catalytic reactions in the continuous flow system shown in Fig. 2 is as follows. A separatory funnel was charged with 25 mL of acetonitrile. Then a solution of catalyst [e.g. 7 (0.43 g, 0.02 mmol)] in 15 mL of heptane was added. The catalyst-containing heptane phase was pumped into the continuous-flow system using a Viscotek HPLC pump at a flow rate of 1.5 mL/min. The flow rate of the HPLC pump was adjusted to 0.05 mL/min when the catalyst-containing heptane solution kept circulating in the system. The substrate or substrates were loaded in a gastight syringe and the solution of substrate or substrates pumped into the flow system using a syringe pump at a flow rate of 0.4 mL/h. The two streams were mixed at a T-shape mixer and passed through a 1.6 m-long PFA tubing with 1/8″ OD and 1/16″ ID. The outlet of the tubing was immersed into the bottom acetonitrile phase in the separatory flask. The flow reaction was carried out at room temperature for 31 h. After the reaction, the acetonitrile phase was collected, and the solvent was removed under reduced pressure to give the crude product. If necessary, the crude product was purified by silica gel column chromatography. The final product which was characterized by 1 H and 13 C NMR spectroscopy and in all cases had spectra that agreed with literature data.
Conclusions
In conclusion, a continuous-flow reaction system has been developed, and its utility in homogeneous catalysis was explored using PIB-bound transition-metal catalysts and with a poly(4-dodecylstyrene)-bound organocatalyst. The PIB-bound Rh complex catalyzed styrene cyclopropanation reaction as carried out in this flow system was equivalent to the prior chemistry carried out under batch conditions. The desired products were obtained in satisfactory yield with a moderate level of by-product formation and no significant difference in Rh catalyst leaching. A PIB-bound Hoveyda-Grubbs catalyst catalyzed RCM reaction using the flow system was also examined. In these studies too, constant reuse of the catalysts was achieved by taking the advantage of PIB's excellent phase selective solubility leading to an overall process that was similar to that studied earlier under batch conditions. Finally, application of this approach for a different phase selectively soluble polymer support was studied using a nucleophilic organocatalyst bound to a poly(4-dodecylstyrene) polymer. This reaction too proceeded like its batch reaction analog. The success in the use of liquid/liquid phase selectively soluble polymer-supported catalysts in flow chemistry in these three examples and in Reiser's earlier work indicates that soluble polymer supported catalysts will be generally useful in flow chemistry. The reactions were carried out using 2.4 mmol of 2,6-dimethylphenol and 2.5 mmol of Boc 2 O with 2 mol% of the catalyst in a heptane/EtOH (4 mL/4 mL) solvent mixture at RT for 1 h. 
